We demonstrate a distributed fiber-optic strain sensing scheme by measuring the delay time associated with stimulated Brillouin scattering-based slow light. The strain in any particular fiber section can be monitored by setting the counterpropagating pump and probe pulses to cross over in the region and recording the slow light delay. By scanning the crossover point along the sensing fiber, we have achieved distributed strain measurement. This scheme is simple to implement while offering a relatively high strain resolution of 13 " and a spatial resolution of 15 m.
Introduction
The fiber-optic sensor is an excellent candidate for the monitoring of temperature and strain over long distances. The sensor offers the advantages of small size, immunity to electromagnetic interference, and survivability under harsh environments. Among the different types of sensors, Brillouin fiber sensors have attracted much research interest in the past two decades [1] - [10] and are now widely used in structural health monitoring. Characteristics of spontaneous and stimulated Brillouin scattering (SBS) are determined mostly by the material properties of the optical fiber. The amount of Brillouin frequency shift is related to the acoustic velocity and the refractive index, which are dependent on both the temperature and the strain of the fiber. Based on this principle, Brillouin fiber sensors have been demonstrated using the Brillouin optical time-domain reflectometer (BOTDR) configuration [1] . In addition, owing to the temperature and strain dependence of the frequency shift, the Brillouin gain or loss is also temperature and strain dependent, giving rise to Brillouin gain/loss-based sensors, such as the configurations for Brillouin optical time-domain analysis (BOTDA) [2] - [6] and Brillouin optical frequency-domain analysis (BOFDA) [7] , [8] . The technique of Brillouin optical correlation-domain analysis (BOCDA) [9] , [10] has also been used for Brillouin sensors to achieve centimetric resolution. These conventional Brillouin fiber sensors are promising for long-distance sensing with high resolution.
Apart from the applications in optical sensing, SBS can be used to achieve slow light in fibers [11] - [16] . Many applications have been found in optical communications, such as optical synchronization, optical multiplexing/demultiplexing, and optical equalization [16] . However, despite these applications, slow light is rarely associated with temperature or strain sensing. Recently, we have demonstrated the feasibility of temperature sensing in fiber using SBS-based slow light [17] . The temperature of the sensing fiber was monitored by measuring the delay time of the probe pulse. A temperature resolution better than 1 C was obtained. In addition to temperature sensing, by operating the pump in the pulsed mode and by combining the measurement results obtained at different positions, we have also realized distributed strain sensing along the whole fiber [18] . This approach can be potentially used in time-division multiplexing (TDM) sensing network [6] . The scheme offers an attractive means for temperature or strain monitoring without relying on optical beating to determine the narrow frequency shift using a radio-frequency spectrum analyzer. However, the work in [18] did not provide experimental details on the measurement error, the strain sensitivity, and the strain resolution. Here, we investigate the scheme more deeply by analyzing the above parameters and use three instead of two sections of fibers under test as in [18] . This is, to the best of our knowledge, the first reported work on distributed fiber-optic strain sensor exploiting SBSbased slow light. A strain resolution of 13 " and a spatial resolution of 15 m are obtained.
Principle and Experimental Setup
Similar to temperature sensing using SBS-based slow light [17] , the fundamental principle here is strain dependence of the Brillouin frequency shift in a fiber; hence, the delay time of an input probe pulse as a result of SBS-based slow light. The strain dependence of the delay time is governed by the following equation:
where
Here, g p is the Brillouin gain coefficient, L is the fiber length, P p is the pump power, À B =2 is the gain bandwidth, A eff is the fiber effective mode area, Á is the frequency detuning of the probe from the Stokes wave in the fiber under test and ¼ Á=ðÀ B =2Þ is its normalized value, Át m ¼ g p LP p = ðÀ B A eff Þ is the maximum delay time, C " is the strain coefficient of the Brillouin shift, is the strain on the fiber under test, and 0 is its initial value (generally set to zero microstrain). Fig. 1 shows the working principle of our distributed strain sensing scheme. A continous wave (CW) pump laser is divided into two branches. The upper branch is used for the generation of pump pulses for SBS slow light, while the lower branch is applied as the pump for a Brillouin fiber laser. The fiber laser output is used to produce the probe pulse for SBS slow light. The probe pulse operates at the Stokes frequency of the fiber used in the Brillouin laser, which is of the same type of fiber under test. The arrangement provides automatic spectral alignment for wavelength transparent slow light [14] . In our demonstration, we divide the fiber under test into three sections. The strain of the middle section (see Section 2) is varied and the other two sections (see Sections 1 and 3) are kept loose as the reference fibers. The slow light effect is introduced inside the fiber under test. The duration and the length of interaction are determined by the widths of the counterpropagating pump and probe pulses. If the two pulses meet at Sections 1 or 3, the probe will experience the maximum delay because its frequency is automatically aligned to that of the Stokes wave in the sections. If the two pulses meet at Section 2, the probe will experience a delay that is dependent on the strain in the fiber. The underlying principle is that the Brillouin frequency shift in Section 2; hence, the SBS gain of the probe is determined by the strain in the fiber. By controlling the relative delay between the pump and probe pulses, the crossover point can be set at any arbitrary position. Through measuring the SBS delay for the cases of different crossover points, the strain distribution along the whole sensing fiber can be retrieved.
The experimental setup is shown in Fig. 2 . A CW pump laser at 1550 nm is split into two branches. The upper branch is modulated by an electrooptic intensity modulator (EOM-1) to provide a 100-ns rectangular pump pulse. After an amplification, the pump pulse passes through a polarization scrambler to minimize the polarization-induced noise [19] which will otherwise result in fluctuations of the SBS probe delay and thus the accuracy of our scheme. The lower branch is amplified to pump a Brillouin fiber laser constructed with 40-m single mode fiber (SMF). The laser output is intensity-modulated by EOM-2 to produce a 50-ns probe pulse. The pump and probe pulses are synchronized at 50 kHz repetition frequency and their relative delay can be controlled by the signal generator. The relative delay determines the crossover point of the two counterpropagating pulses in the fiber under test, where SBS slow light is introduced. The probe pulse is then measured by a photodetector and displayed on an oscilloscope for the determination of SBS slow light delay. The compositions of the fiber under test are three sections of 100-m SMFs. During the experiment, variable strain is applied to the middle 100-m SMF section wound around a couple of plastic drums with a diameter of 80 mm. One of the drums is supported by a micropositioner of which the movement controls the strain value. The other two sections of 100-m SMF are free from strain, serving as reference fibers. Fig. 3 plots the delayed probe pulses when the crossover of the pump and probe occurs at different positions along the fiber: length L ¼ 50 m, 150 m, and 250 m, corresponding to crossover at Sections 1-3, respectively. The red, green, and blue curves in Fig. 3(a) show that the probe pulses experience almost the same amount of delay. The result is expected as the three sections of the fiber under test are all free from strain. The achievable maximum delay time is $14.0 ns. Next, we adjust the strain in Section 2 to 169, 280, and 364 ", respectively, and repeat the measurement. The delayed probe pulses are shown in Figs. 3(b)-(d) . The SBS delay is almost unchanged ($14.0 ns, shown as the red and blue curves) for the cases when the crossover occurs at Sections 1 or 3. However, the delay is reduced when the crossover is at Section 2 as the strain is increased. The results are displayed as the green curves. In Fig. 3 , a slight distortion of pulses is observed and is attributed mainly to the limited SBS gain bandwidth. The signal-to-noise ratio (SNR) can be further improved by using the averaging function in the oscilloscope. Note that if there are strains applied on all the three sections at the same time, the red and blue curves in Fig. 3 will exhibit delays shorter than 14.0 ns. The amount of delays will depend on the exact strain values.
Results and Discussions
For distributed strain sensing, we also measure the probe delay time at other crossover positions. For each set of measured data along the sensing fiber, an average was taken over every five measurement positions for three times in order to minimize the effect of noise. Fig. 4(a) shows the delay time of the probe pulse when Section 2 is maintained at four different strains. One can clearly distinguish the delay time at Section 2 from those at Sections 1 and 3. The average values (14.06, 9.66, 5.48, and 3.62 ns) of the delay times at Section 2 versus the four strain levels are shown in Fig. 4(b) . The spatial resolution of our sensing technique is the overlapping distance of the pump and probe pulses along the fiber where the interaction takes place [20] . The resolution is $15 m, as determined from the product of the group velocity and the average of the pump and probe pulse widths. This is only a conservative estimation since the calculated distance includes the whole duration of partial and complete overlapping of pulses. Certainly, the spatial resolution can be improved by using shorter pulses. However, a shorter probe pulse will imply a broader spectral width, resulting in more pulse distortion due to the limited SBS gain bandwidth. The width of the shortest pulse that can be delayed is $20 ns under the intrinsic SBS gain bandwidth. The pulse distortion affects the accuracy of our scheme and hence limits further improvement of the spatial resolution.
In a subsequent experiment we investigate the measurement error, the strain sensitivity, and the strain resolution. We apply different strains on Section 2 and record the probe delay versus the strain when the crossover point is fixed at L ¼ 150 m, the center position of Section 2. The experimental data are shown as the dark squares in Fig. 5 . The strain sensitivity of the delay is $ 0:03 ns=" The blue curve in Fig. 5 shows the simulated relationship between the probe delay and the strain at Section 2. The simulation is based on (1) and (2) using strain coefficient C " ¼ 0:048 MHz=" [21] , initial strain 0 ¼ 0 ", SBS gain bandwidth À B =2 ¼ 50 MHz [17] , and maximum delay time Át m ¼ 14:06 ns (obtained from our experiment). Limited by the SBS gain bandwidth, the maximum strain sensing value is $ 520 " as the delay time will become negative, owing to fast light beyond this strain value. Similar to [17] , the measurement error can be approximated by the root-mean-square deviations between the experimental data and the simulated result. The error is found to be 0.40 ns. Like most of the approaches [3] , [6] , [9] , [10] used in calculating strain/temperature resolution, we take the ratio of the measurement error and the strain sensitivity to obtain the strain resolution. The result is $13 ". The resolution can be enhanced by increasing the strain sensitivity or reducing the measurement error. To improve the strain sensitivity, one can increase the pump power to enhance the SBS gain and thus the time delay of the probe pulse. To reduce the measurement error, several factors should be considered. The error can originate from pump power fluctuations, polarization-induced pulse distortion [19] , and intensity noise transferred from the instability of the Brillouin fiber laser [14] . These factors can result in fluctuations of the probe pulse delay and hence inaccuracy of the measurement. Therefore, a laser with steady output power, a polarization scrambler, and a stable Brillouin fiber laser cavity should be employed together with the averaging function of the oscilloscope. In addition, probe pulse distortion due to the limited SBS gain bandwidth will cause difficulties in determining the delay time, hence contributing to measurement error. Wider probe pulse will experience less distortion to improve the accuracy and strain resolution. However, the spatial resolution will be reduced. A tradeoff should be adopted between strain resolution and spatial resolution according to practical considerations. It is worth mentioning that the measurable range of strain values can be enlarged by slightly modifying the configuration. The pump can be served by a wavelength-tunable laser while the probe is served by a wavelength-fixed laser instead of the Brillouin fiber laser. By applying pump pulses at different wavelengths, each defining a unique measurable range of strain in our setup, the total sensing range can be enlarged. Alternatively, the setup shown in Fig. 2 can be directly applied to increase the measurable range of strain values simply by maintaining the fiber in the Brillouin laser at different strain levels. Each selected strain sets the reference for the starting point of a strain sensing range.
The maximum sensing distance in our scheme is limited by fiber attenuation. For a long distance, the attenuation should be considered since it affects the pump power level and, hence, the probe pulse delay. The accuracy in strain monitoring will be affected. To extend the maximum sensing distance, in-line Raman amplifiers [4] can be adopted to compensate for the optical loss.
Conclusion
By measuring the delay time of a probe pulse for the cases of different pump-probe crossover positions along the fiber, a distributed strain sensing scheme has been demonstrated using SBSbased slow light. Three sections of fibers are used in the setup to demonstrate our scheme. The sensing scheme has been analyzed by a combination of experiment and simulation. We achieve a spatial resolution of 15 m and a strain resolution of 13 ". Our scheme is simple to realize and is practical for accurate monitoring of the strain.
